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Abstract 
Increased interest in microwave pufﬁng is due to its ability to obtain low-fat healthy foods and ready-to-eat products 
that emulate deep fried foods. Determination of optimal conditions for this complicated process has been difﬁcult and 
as a result, although several patents exist on the concept of microwave pufﬁng, we are yet to see any large scale 
commercial use of it. A fundamental physics based computational modeling approach integrated with relevant 
experimentation, as used in this work, is an ideal framework to understand and optimize microwave pufﬁng. Coupled 
porous media transport and large deformation model, describing complex physical phenomena occurring during the 
process such as electromagnetic heating, heat and moisture transport, evaporation and structural changes, was 
formulated and solved. Temperature (using infrared camera and ﬁber optic probes), moisture and volume 
measurements were performed in potato samples to validate the model. The effect of various processing and 
operating conditions on the puffed potato quality was studied. It was found that infrared addition to microwave 
pufﬁng leads to a better quality product. Hot air can be used with microwaves to reduce the ﬁnal moisture content; 
although the change is not as signiﬁcant compared to addition of infrared. Heating of sample using forced air 
convection may lead to decreased volume products. An initial moisture content near 1.4 db may be optimum for 
pufﬁng. Relative humidity of the surroundings had no effect on the pufﬁng characteristics. The study provides critical 
guidelines to food product and process developers for successful development, control and automation of microwave 
pufﬁng process, thereby leading to a value-added nutritious product.  
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1. Introduction & Objectives 
Puffing is the rapid heating of food products to form vapor (and thus generate pressure) inside the 
material that in turn changes the food structure. Increased interest in the process is due to its ability to 
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obtain low-fat healthy foods and ready-to-eat products that emulate some of the mechanical properties of 
deep fried foods [1]. Microwaves provide an excellent means to perform puffing due to the high internal 
heating rates involved. To develop and optimize this complex process, a comprehensive understanding of 
the process through physics-based modeling and experimentation is needed.  
To model the microwave puffing process accurately, two way coupling effects of transport and large 
deformation need to be considered. The transport problem itself is very complex due to the presence of 
multiple phases-solid, liquid (water) and gas (air and water vapor); and multiple modes of transport-
capillary flow, binary diffusion and pressure driven flow; along with rapid phase change (evaporation/ 
condensation). Researchers have implemented the transport problem with all the different components for 
varied applications [2, 3] but they neglected any deformation. Some have only considered heat transfer 
with small [4] or finite deformations [5]. Others have implemented relatively simple transport problems 
coupled with small deformation models that do not account for all the different phenomena mentioned 
above [6]. In case of microwave puffing, the solid mechanics problem becomes complex as well due to 
both geometric and material non-linearity, which has not been included in past studies [7]. Others 
researchers have used linear constitutive relationships for large deformation problems [8, 9] that makes 
the problem inconsistent. In this work, we not only implement multiphase transport in a porous material 
but also consider large deformations for the solid mechanics problem using a consistent hyperplastic 
(nonlinear) formulation. Although excellent texts exist that discuss similar problems especially in 
groundwater flow applications [10, 11], in our knowledge this complete problem with all the transport and 
solid mechanics components has not been solved. 
2. Materials & Methods 
The two-way coupling of multiphase porous media transport and solid mechanics (including large 
deformations), which is critical to accurately simulate the microwave puffing process, is implemented by 
formulating the set of equations in a moving Arbitrary Lagrangian-Eulerian (ALE) grid setting [12]. The 
concentrations of liquid water (cw), gas (cg) and water vapor (cv), and the mass fraction of air (Ȧa) are 
determined by the following conservation equations. The equations include convective flow, binary 
diffusion (gas phase only), capillary flow (liquid phase only) and phase change (evaporation/ 
condensation):  
Here, vw, vg and vs are the liquid phase, gas phase and solid phase velocities, respectively, Dc is the 
capillary diffusivity and ø is the phase change term. The effect of deformation on transport is accounted for by 
introducing the solid phase velocity, vs, in the equations which is determined by solving for the solid 
mechanics problem (described later). The phase change term is written in terms of the equilibrium vapor 
pressure pv,eq and the actual vapor pressure, pv, at any location [2]. The liquid and gas phase velocities are 
calculated using the Darcy’s law: 
Here i = w, g denotes the liquid water and gas phases, respectively. The liquid and gas phase velocities 
are written as relative velocities since the solid phase is also moving due to deformation.  
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Conservation of energy includes heat transfer due to convection, conduction, phase change and 
microwave heating:  
Here, Qmic , is the microwave heat source term and is a function of moisture content [3]; the initial 
power calculated using the IMPI 2l test and scaled for the sample volume [13].  
The linear momentum balance is solved to obtain the stresses. Since large deformations are involved, 
Lagrangian measures of stress and strain are used. The gas pressure gradient causes the deformation. 
Therefore,  
where S is the second Piola-Kirchhoff (PK2) stress tensor, F is the deformation gradient tensor and P
is the gas pressure. Notation X refers to the Lagrangian reference frame. Puffing involves large 
deformation of the material. A non-linear Neo-Hookean formulation is, therefore, considered for the 
problem [12]:  
where K and G are the initial bulk and shear modulus respectively. Porosity, ʔ, due to deformation at 
any time is given by:  
where ƩV0 and ʔ0 are the initial volume and porosity of an elemental volume respectively. The domain 
and boundary conditions are shown in Figure 1.  
2.1 Solution details  
Since the sample was cylindrical, a 2D axisymmetric geometry was considered, as shown in Figure 1, 
to reduce computational requirements. The governing equations were solved in COMSOL Multi-physics 
3.5a (COMSOL Inc., Burlington, MA) using the UMFPACK direct solver with a maximum time step of 
0.01 s. A tetrahedral mesh with 13128 elements was used based on mesh convergence analysis (not 
shown here). The simulations were run on a 3 GHz Windows workstation with 16 Gb memory.  
Fig. 1. Schematic and boundary conditions for the puffing model 
2.2 Experiments  
Cylindrical samples were obtained by cutting fresh Russet potatoes using a punch. The experimental 
methodology used in literature for hot-air puffing of potatoes [14] was followed. The cylindrical samples 
were initially blanched for 2 min by placing them in boiling water. Blanching was performed to stop 
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enzyme action and soften the samples. Drying was then carried out slowly at 90ºC for 80 min in a hot air 
oven (Thermador JetDirect oven, Model CJ302UB, Enersyst Development Center, Dallas, Texas). The 
samples were dried to a low moisture content (~1.6-1.8 db) so that a partially impermeable layer was 
formed at the surface that would restrict escape of gases during puffing. Puffing was then performed by 
subjecting the samples to rapid heating using microwaves for 60 s. Point temperatures were measured as 
functions of heating time in the sample during the puffing process using a fiber optic system (Fiso 
Technologies, Quebec, Canada). Spatial distribution of temperature at the surface of the samples was 
obtained using an infrared thermal imaging camera (FLIR A320, FLIR Systems, Boston, MA). Moisture 
loss was determined as a function of time by puffing samples to different times and measuring the weight 
loss (Ohaus Voyager Pro Balances VP64CN, Ohaus Corporation, Pine Brook, NJ, 0.1 mg least count). 
The change in volume of the samples during puffing was measured using the rapeseed displacement 
method with a resolution of 0.5 cm3.
3. Results & Discussion 
3.1 Experimental Validation  
The experimental and computed surface temperatures (Figure 2a) show a good match. There is 
substantial loss of water due to evaporation and therefore, extremely high temperatures are observed in 
the resulting solid mass after 60 s of puffing. The temperatures start to fall after 40 s since microwave 
power absorption reduces with moisture loss and surface cooling occurs simultaneously. Transient 
moisture loss predicted by the model match the experimental values closely as shown in Figure 2b. The 
computed and experimental volume change presented in Figure 2c show that the volume increases 
initially and then decreases. This is a result of the decrease in microwave heating with loss of moisture. 
With reduced microwave absorption, evaporation of water decreases and smaller amount of vapor is 
formed leading to lower pressures in the domain. At the same time, continued vapor loss occurs at the 
surface decreasing the pressures in the domain further. This decreased pressure leads to reduction of the 
volume. The largest volume is observed around 40 s which is consistent with past studies [15].  
3.2 Temperature, moisture, pressure and porosity pro¿les  
Figure 3 presents the undeformed shape and initial conditions of the potato sample along with the 
temperature, moisture, pressure and porosity profiles in the deformed sample after 60 s of puffing. Rapid 
heating is observed with extremely high temperatures in the interior locations (~140ºC) of the sample 
(Figure 3b). The surface remains at relatively lower temperatures due to cooling by the surrounding air 
which was at room temperature. Lower moisture content values are observed at the surface (Figure 3c) 
due water loss by convection and drip flow at the surface. With rapid temperature rise, there is increased 
evaporation forming water vapor that moves more readily to the surface. Significant moisture loss takes 
place with the final total moisture content becoming close to 0.4 db. (initial moisture being 1.7 db.), 
which is desired for the puffing process to be successful [16]. Figure 3d illustrates that extremely high 
pressures are generated inside the material during puffing due to evaporation. Large deformation of the 
material occurs due to these high internal pressures. The change in porosity, as given by Equation 9, is 
primarily due to these structural changes (Figure 3e). Different literature sources refer to porosity 
differently and so we discuss it in detail in the following section.  
3.3 Optimum conditions for puffing 
Using the computational model, we investigate the different factors that possibly affect the puffing 
process and thereby determine optimum conditions for the process. The quality parameters that are 
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deemed to be important for the final product are the final moisture content and final volume [15]. The 
effect of different processing conditions on these quality parameters is now studied. The effect of 
combining additional modes of heating such as infrared, hot air and forced hot air on puffing 
characteristics were determined using the model (Figure 4). With increase in infrared power, the final 
volume was found to increase and the final moisture content decreased (Figure 4a). Infrared provides a 
constant source of additional surface heating that causes increased evaporation and loss of moisture. Most 
of the additional moisture loss is in the form of liquid water at the surface that is first evaporated and then 
escapes as vapor. The increased vapor formation when infrared heating is added also increases pressures 
[17] which in turn leads to increase in the volume of the product.  
Fig. 2. Spatial temperatures (at the top surface), total moisture loss and volume change predicted by the model compared to 
experimental values of temperature, moisture and volume change for model validation 
There was insignificant change in the volume of the puffed product on addition of the hot air heating 
mode (Figure 4b) since surface heating does not change the pressure distribution in the interior as much. 
Moisture loss was found to be comparatively more compared to the reference case due to ease of removal 
for moisture from the surface of the sample by evaporation as a result of higher temperatures. However, 
the positive effects of hot air addition on puffing quality are not as significant compared to addition of 
infrared since the surface heat flux due to hot air heating decreases as the surface temperature increases 
with time.  
The hot air velocity inside a combination oven can be controlled in multiple ways such as adjusting the 
direction of rotation of the fan inside [18] or by using impingement of air jet on the sample surface [19]. 
For forced hot air heating, although there was appreciable decrease in moisture with increase in heat 
transfer coefficient (Figure 4c) the volume of the puffed product decreased by considerably compared to 
the reference case. Moisture loss is more, as expected, since there is increased surface evaporation due to 
the higher heat transfer coefficient as well as increased removal of liquid water and vapor due to the 
higher mass transfer coefficient. As moisture is lost in form of vapor, the pressure inside the domain 
decreases which results in decreased volume as the lower pressures are unable to puff the sample as 
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much.  
The volume change in the samples was insignificant in the range of initial moisture content considered 
(1.1, 1.4, 1.7 and 2.0 db) (Figure 5a). However there was a drastic increase in moisture loss for the drier 
samples (_24-50%) compared to the sample at 1.7 db which is desirable during puffing. Therefore an 
initial moisture content near 1.4 db may be optimum for puffing, for the process and product parameter 
ranges studied here. On investigating the effect of the sample size (2, 4 and 6 mm) on the puffing 
characteristics, it was found that the thinnest sample showed almost no volume change for the given set of 
puffing conditions (Figure 5b). Since thinner slices may be more likeable by the consumer for 
consumption, puffing conditions would have to be drastically changed to obtain a desirable product with 
larger final volume. This may involve starting with a higher moisture content, or using a much higher 
power for microwaves, or possible addition of infrared heating. It was found that relative humidity did not 
have any appreciable effect on the puffing characteristics (Figure 5c). 
Fig. 3. a) The initial undeformed axisymmteric geometry along with initial conditions for the problem. Profiles obtained from the
model after 60 s of puffing for b) temperature; c) moisture; d) pressure; and e) porosity 
4. Conclusion 
The detailed modeling framework developed in this work is essential to understand a complex process 
such as puffing and has not been implemented earlier. Once the model was developed and validated, it 
facilitated a comprehensive study of “what-if” scenarios for detailed understanding of the puffing process 
and thus determining the optimum conditions for the process. The study provides critical guidelines to 
food product and process developers for successful development, control and automation of microwave 
puffing process, thereby leading to value-added nutritious products. 
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Fig. 4. Effect of combining additional modes of heating such as infrared, hot air and forced hot air with microwaves on puffing
characteristics 
Fig. 5. Effect of initial sample moisture content, sample size and relative humidity on puffing characteristics 
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